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HIGHLIGHTS 


►  We  synthesize  bis-imidazolium 
functionalized  ionic  liquid 
monomers. 

►  We  prepare  bis-imidazolium-based 
anion-exchange  membranes. 

►  The  membranes  show  a  hydroxide 
conductivity  up  to  2.0 xlO-2  S  cm-1 
at  60  °C. 

►  The  membranes  show  an  excellent 
chemical  stability. 
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Novel  anion-exchange  membranes  (AEMs)  are  prepared  via  in  situ  cross-linking  of  styrene,  acrylonitrile 
and  the  bis-imidazolium  functionalized  ionic  liquid  monomer,  l-allyl-3-(6-(l-butyl-2-methylimidazol-3- 
ium-3-yl)hexyl)-2-methylimidazol-3-ium  bromide  ([ABMHM][Br]2),  and  followed  by  anion-exchange 
with  hydroxide  ions.  The  morphology  and  characteristic  properties  of  the  resultant  copolymer 
membranes,  such  as  the  water  uptake,  swelling  ratio,  ion  exchange  capacity  (IEC),  hydroxide  conduc¬ 
tivity,  and  chemical  stability  are  investigated.  The  membrane  containing  40%  mass  fraction  of  [ABMHM] 
[OH]2  shows  hydroxide  conductivity  up  to  2.0 xlO-2  S  cm-1  and  good  long-term  stability  in  1  M  KOH 
solution  at  60  °C.  The  results  of  this  study  suggest  that  the  AEMs  based  on  bis-imidazolium  cations  have 
good  perspectives  for  alkaline  fuel  cell  applications. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  been  recognized  as  one  of  the  most  promising 
energy  source  systems  that  could  provide  clean  and  efficient  energy 
for  stationary  and  mobile  applications  [1—4].  The  polymer  elec¬ 
trolyte  membrane,  which  acts  as  a  separator  between  the  fuel  and 
oxidant  streams  and  simultaneously  transports  ions  is  one  of  the 
very  important  components  of  a  fuel  cell  [5—7].  The  polymer 
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electrolyte  membranes  can  be  classified  into  two  main  types: 
proton-exchange  membranes  (PEMs)  and  anion-exchange 
membranes  (AEMs),  according  to  the  charge  carriers  transported 
in  the  membranes.  PEMs,  represented  by  Nafion,  exhibit  excellent 
chemical,  mechanical  and  thermal  stability,  as  well  as  high  proton 
conductivity  when  properly  hydrated  [5,8,9].  However,  proton 
exchange  membrane  fuel  cells  (PEMFCs)  are  still  facing  challenges 
for  commercialization  due  to  high  cost  of  the  platinum  catalysts, 
carbon  monoxide  poisoning  of  platinum  catalysts  at  low  temper¬ 
ature,  and  the  limited  working  lifetime  of  PEMs  [10,11].  Compared 
with  PEMFCs,  anion-exchange  membrane  fuel  cells  (AEMFCs)  show 
enhanced  oxygen  reduction  kinetics,  extended  choice  of  selective 
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catalysts  such  as  silver,  cobalt  or  nickel.  In  addition,  AEMFCs  also 
offer  the  fuel  flexibility,  reduced  fuel  (such  as  methanol)  crossover, 
and  enhanced  reaction  kinetics  for  both  oxygen  reduction  and  fuel 
oxidation  [12-14].  Therefore,  there  is  growing  interest  in  devel¬ 
oping  AEMs  for  AEMFCs  application  in  recent  years. 

Various  ionic  polymers,  such  as  polysulfone  [15],  poly(- 
vinylbenzyl  chloride-y-methacryloxypropyl  trimethoxyl  silane) 
[16],  radiation-grafted  poly(vinylidene  fluoride)  and 
poly(tetrafluoroethene-co-hexafluoropropylene)  [17-19]  have 
been  synthesized  and  used  as  AEMs  for  alkaline  fuel  cell  applica¬ 
tions.  Most  of  these  membranes  were  prepared  via  chlor- 
omethylation  reaction  and  followed  by  quaternization  using 
tertiary  amines  to  form  quaternary  ammonium  salts 
[2,5,9,15,20-22].  However,  the  long-term  durability  of  the 
membranes  in  alkaline  solution  still  need  to  be  improved  because 
hydroxide  ions  could  degrade  the  quaternary  ammonium  cation 
sites  on  the  polymeric  AEMs  via  direct  nucleophilic  substitution  or 
Hofmann  elimination  reaction,  especially  at  high  pH  and  elevated 
temperature  [23].  Since  the  chemical  stability  of  an  AEM  is  strongly 
dependent  on  the  nature  of  the  cations,  cations  other  than 
quaternary  ammonium  cation  groups  based  polymers  have  been 
recently  extensively  studied.  Compared  with  quaternary  ammo¬ 
nium  cations,  however,  quaternary  phosphonium  cations  exhibited 
poorer  alkine  stability  [24],  and  the  conductivity  of  guanidinium 
cation  based  AEMs  decreased  quickly  after  be  immersed  in  0.5  M 
NaOH  solution  at  80  °C  for  380  h  [25]. 

Imidazolium  type  ionic  liquids  (ILs)  are  attracting  wide  atten¬ 
tion  because  of  their  negligible  vapor  pressure,  high  ionic 
conductivity  and  excellent  ion-exchange  capability.  Protic  imida¬ 
zolium  type  ILs  have  been  successfully  used  in  polymer  electrolyte 
membrane  fuel  cells,  which  show  high  proton  conductivity  above 
100  °C  [10].  More  recently,  alkaline  imidazolium  functionalized 
AEMs  have  been  synthesized  and  applied  for  alkaline  fuel  cell 
applications  [3,8,12].  The  membranes  exhibit  hydroxide  ion 
conductivity  above  10-2  S  cm-1  at  room  temperature  and  show 
good  alkaline  stability  probably  due  to  the  resonance  effect  of  the 
conjugated  imidazole  rings,  which  weaken  the  interaction  of 


imidazolium  groups  and  hydroxide  ions.  Although  the  stability  of 
membranes  still  need  to  be  improved  [26-28],  these  results 
demonstrate  a  feasible  approach  for  the  synthesis  and  practical 
applications  of  alkaline  imidazolium-type  ILs  functionlized  AEMs, 
and  should  be  expected  to  promote  the  widespread  use  of  AEMFCs. 

In  this  work,  bis-imidazolium  functionalized  AEMs  for  alkaline 
fuel  cells  were  synthesized.  An  IL  monomer,  l-allyl-3-(6-(l-butyl- 
2-methylimidazol-3-ium-3-yl)  hexyl)-2-methylimidazol-3-ium 
bromide  ([ABMHM][Br]2)  was  photocross-linked  in  situ  with  the 
proper  monomer  oils  (styrene  and  acrylonitrile).  The  resulting 
membranes  were  converted  to  OH-  form  by  changing  the  anions  in 
the  IL  moiety  of  the  copolymers  with  hydroxide  anions,  as  shown  in 
Scheme  1.  The  properties  of  the  membranes,  such  as  water  uptake, 
swelling  degree,  ionic  exchange  capability  (IEC),  hydroxide  ion 
conductivity,  and  chemical  stability  in  high  pH  solution  were 
investigated  in  details. 

2.  Experimental 

2.1.  Materials 

Styrene,  acrylonitrile,  divinylbenzene  (DVB),  benzoin  ethylether, 
ethylether,  ethanol,  2-methylimidazole,  1-bromobutane,  methanol, 
allyl  bromide,  1,  6-dibromohexane,  phenolphthalein,  potassium 
hydroxide,  acetonitrile,  acetone,  methylene  dichloride,  ethyl 
acetate,  sodium  hydroxide,  hydroquinone,  and  hydrochloric  acid 
were  used  as  purchased.  All  of  vinyl  monomers  were  made 
inhibitor-free  by  passing  the  liquid  through  a  column  filled  with 
neutral  AI2O3.  Distilled  deionized  water  was  used  for  all 
experiments. 

2.2.  Synthesis  of  1  -butyl-2 -me thy limidazole  (Compound  1)  and 
J-allyl-2-methylimidazole  (Compound  2) 

l-Butyl-2-methylimidazole  was  synthesized  in  acetonitrile 
(50  ml)  by  stirring  the  mixture  of  2-methylimidazole  (3  g),  1- 
bromobutane  (5  g)  and  NaOH  (4.09  g)  at  room  temperature  for 


[PABMHM][OH]2  )  [PABMHM] [Br]2 


Scheme  1.  Synthetic  procedure  for  the  anion-exchange  membranes,  (a)  1-bromobutane,  NaOH,  room  temperature,  4  h;  (b)  allyl  bromide,  NaOH,  room  temperature,  4  h;  (c)  1,  6- 
dibromohexane,  50  °C,  2  days,  (d)  hydroquinone,  50  °C,  2  days,  (e)  styrene,  acrylonitrile,  DVB,  photo-cross  linking,  0.5  h,  (f)  1  M  KOH  solution,  60  °C,  24  h. 
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4  h.  After  filtrating,  the  filtrate  was  dissolved  in  deionized  water, 
followed  by  extraction  using  methylene  dichloride.  The  mixture 
was  evaporated  at  30  °C  to  yield  the  product.  NMR  (400  MHz, 
CDCls):  6.88  (1H,  s),  6.79  (1H,  s),  3.80  (2H,  t),  2.36  (3H,  s),  1.68  (2H, 
m),  1.33  (2H,  m),  0.92  (3H,  t). 

l-Allyl-2-methylimidazole  was  synthesized  follow  the  method 
as  described  above:  A  mixture  of  2-methylimidazole  (3.39  g),  allyl 
bromide  (5  g)  and  NaOH  (4.63  g)  was  stirred  at  room  temperature 
for  4  h  and  then  filtrated.  ’H  NMR  (400  MHz.  CDC13):  6.91  (1H.  s). 
6.79  (1H,  s),  5.90  (1H,  m),  5.20  (1H.  d),  4.98  (1H,  d),  4.45  (2H,  s), 
2.34  (3H,  s). 

2.3.  Synthesis  of  3-(6-bromohexyl )- 1  -butyl-2 -methylimidazol-3  - 
ium  bromide  ([BHBMIMI][Br])  (Compound  3) 

[BHBMIMI][Br]  was  synthesized  by  stirring  a  mixture  containing 
l-butyl-2-methylimidazole  and  1,  6-dibromohexane  (molar 
ratio  =  1:3)  in  50  ml  ethanol  at  50  °C  for  two  days.  After  the 
evaporation  of  solvent,  the  resultant  viscous  oil  was  wash  with 
ethyl  acetate  and  ethylether  three  times,  respectively.  The  solvent 
was  removed  and  the  residue  was  purified  by  silica  gel  column 
chromatography  using  methanol/acetone  1/3  (v/v)  as  the  eluent  to 
obtain  viscous  liquid.  ’H  NMR  (400  MHz.  D20):  7.32  (2H.  s).  4.06 
(4H,  m).  3.44  (2H.  t),  2.55  (3H,  s).  1.80  (6H.  m).  1.40  (2H.  m).  1.30  (4H, 
m),  0.87  (3H,  t). 

2.4.  Synthesis  of  1  -allyl-3-( 6-( l -butyl-2 -methylimidazol-3 -ium-3- 
yl)hexyl)-2 -methylimidazol-3 -ium  bromide  ([ABMHM][Br]2) 
(Compound  4) 

[ABMHM][Br]2  was  synthesized  by  stirring  a  mixture  containing 
l-allyl-2-methylimidazole  and  [BHBMIMI][Br]  (molar  ratio  =  1.5:1) 
in  50  ml  ethanol  at  50  °C  for  two  days.  After  the  evaporation  of 
solvent,  the  resultant  viscous  oil  was  wash  with  ethyl  acetate  and 
ethylether  three  times,  respectively.  The  solvent  was  removed  and 
the  residue  was  purified  by  silica  gel  column  chromatography  using 
methanol/acetone  1  / 3  (v/v)  as  the  eluent  to  obtain  viscous  liquid. 
’H  NMR  (400  MHz,  D20):  7.31  (2H,  s).  7.08  (1H,  d).  6.98  (1H,  d).  5.95 
(1H,  m),  5.20  (1H,  d),  4.94  (1H,  d),  4.55  (2H,  d),  4.05  (4H,  m),  3.43 
(2H,  t).  2.54  (3H,  s),  2.34  (3H,  s),1.75  (6H,  m).  1.40  (2H,  m),1.25  (4H, 
m),  0.85  (3H,  t). 

2.5.  Preparation  of  anion  exchange  membranes 

The  AEMs  were  synthesized  as  follows:  a  mixture  of  styrene/ 
acrylonitrile  (1:3  weight  ratio),  [ABMHM][Br]2,  divinylbenzene 
(4  wt%,  based  on  the  weight  of  monomer),  and  2  wt%  of  benzoin 
ethylether  (as  a  photoinitiator)  was  stirred  and  ultrasonicated  to 
obtain  a  homogeneous  solution,  which  was  then  cast  into  a  glass 
mold  and  photo-cross-linked  via  irradiation  with  ultraviolet  (UV) 
light  (wavelength  of  250  nm)  in  a  glass  mold  for  30  min  at  room 
temperature.  Then  it  was  immersed  in  ^-saturated  1  M  KOH 
solution  at  60  °C  for  24  h  to  convert  the  membrane  from  Br-  to  OH 
form.  This  process  was  repeated  three  times  to  ensure  complete 
conversion.  Then  the  converted  membranes  were  immersed  in  N2- 
saturated  deionized  water  for  24  h  and  washed  with  deionized 
water  until  the  pH  of  residual  water  was  neutral. 

2.6.  Characterization 

jH  NMR  spectra  were  recorded  on  a  Varian  400  MHz  spec¬ 
trometer.  Fourier  transform  infrared  (FT-IR)  spectra  of  the 
membranes  were  recorded  on  a  Varian  CP-3800  spectrometer  in 
the  range  of  4000-400  cm-1.  Thermal  analysis  was  carried  out  by 
Universal  Analysis  2000  thermogravimetric  analyzer  (TGA). 


Samples  were  heated  from  70  to  500  °C  at  a  heating  rate  of  15  °C 
min-1  under  a  nitrogen  flow.  The  tensile  properties  of  the 
membranes  were  measured  by  using  an  Instron  3365  at  25  °C  at 
a  crosshead  speed  of  5  mm  min-1.  Scanning  electron  microscopy 
(SEM)  images  were  taken  with  a  Philips  Model  XL  30  FEG  micro¬ 
scope  with  an  accelerating  voltage  of  10  kV.  Energy-dispersive  X- 
ray  spectroscopy  (EDX)  measurements  were  performed  with  the 
spectrometer  attached  on  the  Hitachi  Model  S-4700  field-emission 
scanning  electron  microscopy  (SEM)  system. 

2.7.  Liquid  uptake  and  swelling  ratio 

The  dried  membrane  samples  were  weighed  (Wd)  and 
immersed  in  ^-saturated  distilled  water  or  methanol  at  room 
temperature  for  24  h.  Then  the  hydrated  polymer  membranes  were 
taken  out,  and  the  excess  water  or  methanol  on  the  surface  was 
removed  by  wiping  with  a  tissue  paper  and  weighed  immediately 
(Ww).  The  water  (or  methanol)  uptake  W  was  calculated  with  the 
following  equation: 

W(%)  =  (Ww_^xl00% 

wd 

The  swelling  ratio  was  characterized  by  linear  expansion  ratio 
(LER),  which  was  determined  by  the  difference  between  wet  and 
dry  dimensions  of  a  membrane  sample  (4  cm  in  length  and  2  cm  in 
width).  The  calculation  was  based  on  the  following  equation: 

Swelling(%)  =  Xwet  ~  Xdrv  x  100% 

^dry 

where  Xwet  and  Xdry  are  the  lengths  of  wet  (in  water  or  methanol) 
and  dry  membranes,  respectively. 

2.8.  Liquid  uptake  and  swelling  ratio 

Ion  exchange  capacity  (IEC)  was  determined  via  a  back- titration. 
The  membranes  were  dried  and  weighed  before  immersing  into 
100  ml  of  0.01  M  HC1  standard  solution  for  48  h.  The  solutions  were 
then  titrated  with  a  standardized  NaOH  solution  using  phenol- 
phthalein  as  an  indicator.  The  IEC  value  was  calculated  as  follows: 

_  ^Q,NaOH^NaOH  ~  ^x,NaOH^NaOH 
mdry 

where  Vo.NaOH  and  Vx,NaOH  are  the  volume  of  the  NaOH  consumed  in 
the  titration  without  and  with  membranes,  respectively,  CNaOH  is 
the  molar  concentration  of  the  NaOH,  which  is  titrated  by  the 
standard  oxalic  acid  solution,  and  mdry  is  the  mass  of  the  dry 
membranes.  Each  sample  was  replicated  for  three  times. 

2.9.  Hydroxide  ion  conductivity 

The  ionic  conductivity  was  measured  by  two-point  probe  AC 
impedance  spectroscopy  with  the  electrochemical  equipment 
(CHI660C)  rather  than  the  four  probe  one  [5,29,30]  which  is 
thought  to  have  overestimated  the  ionic  conductivity,  with  the 
frequency  range  from  1  Hz  to  100  kHz.  All  the  samples  were  fully 
hydrated  in  N2-saturated  deionized  water  for  at  least  24  h  prior  to 
the  conductivity  measurement.  To  maintain  the  relative  humidity 
at  100%  during  the  experiments,  conductivity  measurements  were 
conducted  in  a  chamber  filled  with  ^-saturated  deionized  water 
under  fully  hydrated  conditions.  The  ionic  conductivity  of  the 
membrane,  a  (S  cm-1),  can  be  calculated  from  the  equation: 
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[PABMHAM]40[OH] 


Fig.  1.  Photographs  of  [PABMHM]40[OH]2  with  a  thickness  of  45  pm. 


I 

°  ~  RA 

where  l  is  the  distance  between  two  gold  electrodes  (given  in 
centimeters  (cm)),  A  is  the  cross-sectional  area  of  membrane  (cm2) 
and  R  is  the  membrane  resistance  value  from  the  AC  impedance 
data  (Q). 

3.  Results  and  discussion 

3.1.  Preparation  of  anion  exchange  membranes 

The  crosslinked  AEMs  were  prepared  via  in  situ  photo-cross 
linking  of  a  mixture  containing  [ABMHM][Br]2  (30-40  wt.%), 
styrene/acrylonitrile  (1:3  weight  ratio,  70-60  wt.%),  and  DVB 
(4  wt.%  based  on  the  weight  of  monomer)  in  a  glass  mold,  followed 
by  ion  exchange  with  OH-  (Scheme  1).  The  resultant  copolymers 
were  denoted  as  [PABMHM]x[OH]2  (the  subscript  x  indicates  the 
weight  ratio  of  [ABMHM][OH]2.  As  shown  in  Fig.  1  that  the  prepared 
[PABMHM]30[OH]2,  [PABMHM]4o[OH]2  are  transparent,  flexible, 
and  can  be  easily  cut  into  any  desired  sizes.  The  SEM  images  show 
that  the  resultant  membranes  in  OH  form  are  uniform,  compact, 
smooth  and  without  any  visible  pores  on  the  surface  and  in  the 
interior  of  the  membranes  (Fig.  2A  and  B). 

3.2.  FT-IR  spectra  and  energy -dispersive  X-ray  (EDX)  spectra 

Fig.  3  shows  the  Fourier  transform  infrared  (FT-IR)  spectra  of  the 
membranes  in  Br~  and  OH-  forms.  Membranes  in  both  two  forms 


Fig.  2.  SEM  images  of  the  [PABMHM]40[OH]2  (thickness  of  150  pm):  (A)  surface  view 
and  (B)  cross-sectional  view  of  [PABMHM]40[OH]2  membranes. 


show  the  absorption  bands  of  the  cyano  groups  (C=N)  at 
2235  cm-1.  The  peaks  at  3030-3063  and  1450-1600  cm-1  confirm 
the  existence  of  polystyrene.  Absorption  peaks  at  766  cm"1  arise 
from  the  vibrational  mode  of  imidazolium  cations.  A  wide 
absorption  peak  at  3300-3600  cm-1  in  the  OH  form  membranes 
(Fig.  3B)  is  attributed  to  the  stretching  vibration  of  O-H  groups, 
indicating  the  successful  anion  change  from  Br_  form  to  OH-  form. 
Furthermore,  the  results  of  energy-dispersive  X-ray  (EDX)  spectra 


Fig.  3.  FT-IR  spectra  of  (A)  [PABMHM]40[Br]2  and  (B)  [PABMHM]40[OH]2. 
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Fig.  4.  Energy-dispersive  X-ray  (EDX)  spectra  for  (A)  [PABMHM]40[Br]2  and  (B)  [PABMHM]40[OH]2. 


100  200  300  400  500 

Temperature  (°C) 


Fig.  5.  Thermogravimetric  analyzer  (TGA)  curves  of  membranes  under  nitrogen  flow, 
heating  rate:  15  °C  min-1. 

show  that  no  Br_  or  I<+  ions  could  be  detected  in  the  OH-  form 
(Fig.  4B),  which  further  confirm  the  successful  anion  change  of 
membranes. 

3.3.  Thermal  analysis 

Fig.  5  shows  the  typical  thermogravimetric  analyzer  (TGA) 
curves  of  produced  AEMs  in  Br_  and  OFT  forms,  which  were 
recorded  under  a  nitrogen  flow  from  70  to  500  °C  at  a  heating  rate 
of  15  °C  min-1  to  assess  their  thermal  stabilities.  Membranes  in 
both  two  forms  show  good  thermal  stability.  The  weight  loss  region 
at  temperatures  above  300  °C  may  due  to  the  degradation  of  the 
copolymer  backbone  and  imidazolium  side  chain.  Polymers  based 
on  the  aromatic  backbones,  such  as  poly(arylene  ether  sulfone)s 
and  poly(arylene  ether  ketone)s,  are  generally  considered  as  the 
preferred  candidates  for  high-temperature  fuel-cell  applications 


because  of  their  excellent  thermal  stability.  Here,  we  can  see  that 
the  thermal  stability  of  the  bis-imidazolium-based  AEMs  is 
comparable  to  that  of  quaternary  ammonia  polysulfone  [9]  and 
quaternary  guanidinium  poly(arylene  ether  sulfone)s  containing 
hydroxide  groups  [31,32]. 

3.4.  Ion  exchange  capacity  (IEC),  water  (methanol)  uptake  and 
swelling  ratio  and  mechanical  properties 

IEC  of  the  membranes  reflects  the  exchangeable  groups  in  the 
membranes.  Water  uptake  and  swelling  behavior  of  the 
membranes  are  essential  factors  influencing  the  morphologic 
stability  of  membranes.  Table  1  shows  the  values  of  IEC,  water / 
methanol  uptake,  and  swelling  degree  of  the  produced  AEMs.  The 
experimental  IEC  value  of  [PABMHM]x[OH]2  is  close  to  the  theo¬ 
retical  value,  which  increased  with  the  content  of  IL,  accompanied 
with  higher  water/methanol  uptake  and  swelling  degree.  We 
assume  that  the  high  content  of  OH^  ions  leads  to  the  formation  of 
the  larger  ion  clusters  within  the  membrane  and  thus  led  to  the 
absorption  of  more  water  [33].  Both  of  the  prepared  AEMs  display 
lower  swelling  degree  in  pure  methanol  than  that  in  water,  also 
lower  than  that  of  Nafion-117  in  methanol  (34.50%)  under  the  same 
experimental  conditions.  These  results  are  might  due  to  the 
different  adsorption  capacity  between  liquid  molecules  and 
copolymers.  The  membrane  absorbs  water  more  easily  than 
methanol  [34].  Since  the  use  of  more-concentrated  fuels  leads  to 
higher  energy  densities,  it  suggests  a  feasible  approach  for  practical 
applications  in  direct  methanol  fuel  cells.  The  tensile  strength  and 
the  Young’s  modulus  decrease  when  the  membranes  were  satu¬ 
rated  with  water  and  methanol.  It  can  be  seen  that  the  [PABMH- 
M]4o[OH]2  membrane  shows  the  tensile  strength  of  25.10  MPa, 
a  Young’s  modulus  of  1160.29  MPa,  and  an  elongation  at  break  of 
12.61%  (Table  2).  Compared  with  the  [PABMHM]40[OH]2 
membranes,  both  the  tensile  strength  and  Young’s  modulus  of 


Table  1 

The  values  of  water  (methanol)  uptakes,  swelling  degree  and  IEC  for  the  [PABMHM]x[OH]2. 

Sample  IEC(m  equiv  g-1)  Water  uptake  (%)  Swelling  degree  in  water  (%)  Methanol  uptake  (%)  Swelling  degree  in  methanol  (%) 

Theoretical  Experimental 

[PABMHM]30[OH]2  1.122  0.998  40.50  11.86  545  230  ” 

[PABMHM]40[OH]2  1.496  1.416  65.36  13.58  5.59  3.70 

Nafion-117  [3]  -  -  19.48  6.09  47.58  34.50 
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Table  2 

Mechanical  properties  of  [PABMHM]40[OH]2. 

Membrane  Tensile  Tensile  Elongation 

strength  (MPa)  modulus  (MPa)  at  break  (%) 

[PABMHM]40[OH]2  25.10  1160.29  12.61 

[PABMHM]40[OH]2  19.50  890.34  16.42 

saturated  with  water 

[PABMHM]40[OH]2  24.30  1056.89  13.35 

saturated  with  methanol 
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Fig.  6.  Variations  in  ionic  conductivities  of  [PABMHM]x[OH]2  as  a  function  of 
temperature. 

water-  and  methanol-saturated  membranes  slightly  decreased, 
while  the  elongation  at  break  value  was  enhanced  due  to  the 
plasticizing  effect  of  the  solvent.  These  results  indicate  that  the 
AEMs  prepared  in  this  work  are  tough  and  ductile  enough  for  the 
potential  use  as  AEM  materials. 

3.5.  Ionic  conductivity  and  chemical  stability 

The  ionic  conductivity  of  the  OET  form  membrane  as  a  function 
of  the  temperature  is  shown  in  Fig.  6.  The  conductivity  of  the 
membranes  increases  with  the  temperature  increasing  because  the 
free  volume  in  favor  of  ion  transport  and  the  mobility  of  anions  is 
increased  as  the  temperature  rises.  [PABMHM]4o[OH]2  shows  the 
highest  conductivity  up  to  2.5x10  2  S  cm-1  at  90  °C,  fulfills  the 
basic  conductivity  requirement  of  fuel  cells,  which  is  2.5  times 
higher  than  that  of  [PABMHM]3o[OH]2  at  the  same  temperature. 

From  the  view  point  of  applications,  AEMs  should  be  stable  in 
alkaline  solution,  especially  at  high  pH  and  elevated  temperature. 


Fig.  7.  Variations  in  ionic  conductivities  of  [PABMHM]40[OH]2  before  and  after 
immersion  in  1  M  KOH  at  60  °C  for  30  days  as  a  function  of  temperature. 


Table  3 

The  ion  exchange  capacity  (IEC)  values  of  [PABMHM]40[OH]2  membranes  be 
immersed  in  1  M  KOH  solution  at  60  °C. 


Time  immersed  in  1  M  KOH  (h) 

IEC  (m  equiv  g  T) 

24 

1.416  ±  0.045 

48 

1.400  ±  0.055 

72 

1.435  ±  0.040 

96 

1.383  ±  0.085 

120 

1.395  ±  0.050 

Here,  the  alkaline  stability  of  [PABMHM]40[OH]2  was  investigated 
by  immersing  the  samples  into  1  M  KOH  solution  at  60  °C  to  check 
the  changes  of  ionic  conductivity.  Fig.  7  shows  the  hydroxide 
conductivity  of  [PABMHM]40[OH]2  before  and  after  treatment  with 
1  M  KOH  at  60  °C  for  30  days.  No  obvious  decrease  of  the 
conductivity  could  be  observed,  indicating  an  good  chemical 
stability  of  [PABMHM]4o[OH]2  membrane  in  KOH  solution.  The  IEC 
value  of  [PABMHM]40[OH]2  membranes  showed  slight  fluctuations 
during  the  stability  test,  which  further  confirms  the  good  alkaline 
stability  of  the  membranes  (Table  3).  The  good  alkaline  stability  of 
[PABMHM]40[OH]2  is  probably  due  to  the  resonance  effect  of  the 
conjugated  imidazole  rings,  which  reduce  the  positive  charge 
density  of  the  cation  and  weaken  the  interaction  with  the 
hydroxide  ions,  and  thus  dramatically  improve  the  imidazolium- 
functionalized  AEMs  [27,34]. 

4.  Conclusions 

In  summary,  novel  AEMs  based  on  bis-imidazolium- 
functionalized  ionic  liquid  monomer  were  prepared  via  in  situ 
photo-cross-linking  and  followed  by  anion  exchange  with  OH  .  The 
resultant  membranes  are  flexible  and  tough  enough  for  potential 
use  as  AEMs  for  AEMFC  applications.  The  thin  films  contained 
[ABMHM][OH]2  with  a  mass  fraction  of  40  wt%  exhibit  hydroxide 
conductivity  above  10-2  S  cm-1  at  room  temperature  and  the  good 
chemical  stability  in  high  pH  solution  at  60  °C,  indicating  that  the 
membranes  could  overcome  the  alkaline  instability  of  the  alkyl 
quaternary  ammonium  functionalized  polymers  and  fulfill  the 
basic  require  of  AEMFCs. 
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